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Abstract: The New Zealand blackfoot abalone, Haliotis iris Gmelin, is among
the few gastropods that precipitate both calcite and aragonite in their shells. The
location, composition, and thickness of these mineral layers may affect color,
luster, and strength of the shell, which is locally important in jewelry manu-
facture. Skeletal mineralogy and shell structure of H. iris from three southern
New Zealand locations were determined using X-ray diffractometry, scanning
electron micrography, and mineral staining. In H. iris an outer calcitic layer is
separated from an inner aragonitic surface by both calcified and noncalcified
organic layers running longitudinally through the shell. Skeletal mineralogy
within individual shells varies from 29 to 98% aragonite, with older shell having
significantly higher aragonite content than young sections. Variation within
populations ranges from 40 to 98% aragonite, and among three populations
from 34 to 98% aragonite. Shell thickness, too, varies within individual shells
from 0.2 to 4.2 mm, with a significant positive relationship with age. Within-
population variation in shell thickness ranges from 2.1 to 5.4 mm, with no
significant difference in shell thickness variation among populations. The high
degree of variability within and among individual shells suggests that it is
essential to test replicate samples from individual mollusk shells, especially when
they have complex bimineral structure.
MOLLUSKS HAVE BEEN secreting mineral
skeletons for some 600 million yr. Skeletons
may function in detoxification, temporary
storage of vital ions, gravity perception, light
reflection, navigation, structure, and/or pro-
tection from predation (Litivin et al. 1997,
Weiner and Addadi 1997). Mollusk shells are
usually composed of about 95% CaC03
(Belcher et al. 1996, Schaffer et al. 1997)
precipitated as one or both of the major crys-
talline polymorphs: the more thermodynami-
cally stable trigonal calcite and metastable
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orthorhombic aragonite (Dauphin et al. 1989,
Shepherd et al. 1995b, Hawkes et al. 1996).
The remaining shell material is an organic
matrix composed predominantly of glycopro-
teins (Weiner and Addadi 1991, Giles et al.
1995).
Most gastropod skeletons are constructed
of aragonite (Boggild 1930, Dauphin et al.
1989). Only a few gastropods, belonging to
13 families, utilize calcite to construct part or
all of their shells. Many abalone, including
Haliotis iris Gmelin, precipitate polymorphic
shells using both aragonite and calcite in shell
construction. The genus Haliotis ranges from
50 to 100% aragonite in bulk shell mineral-
ogy (Lowenstam 1954).
Shell deposition in an abalone occurs pri-
marily at the umbo or spire. A line of pores or
breathing holes (the tremata) grows approxi-
mately parallel to the outer contour of the
shell. The outermost surface of most mol-
lusk shells is a noncalcified proteinaceous
organic periostracum (Saleuddin and Petit
1983). This layer is thin in Haliotis spp. (100-
200 nm thick) and may protect the shell from
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FIGURE 1. Mineralogical structure of Haliotis iris and possible sources of variation.
corrosion by seawater and colonization by
epibionts and endobionts (Shepherd et al.
1995a, Schaffer et al. 1997). In most abalone
the next layer is prismatic calcite (Figure 1),
made up of calcite crystals with a diameter up
to 100 nm. In some species, however, this
outer layer is aragonitic, and in a few tem-
perate species it is a combination of both cal-
cite and aragonite (Shepherd et al. 1995a).
Each individual crystal is surrounded by or-
ganic glycoprotein matrix, 0.5 to 3 nm thick
in most adult abalone. An inner layer is com-
posed of tabular nacreous aragonite (Naka-
hara 1982, Fritz et al. 1994, Shepherd et al.
1995a). The tablets are highly uniform within
a species, though there is variation among
species (Watabe 1965). In H. iris, the plates
are from 300 to 450 nm thick. Each plate is
surrounded by organic matrix, which may be
partially calcified. The organic matrix gives
the shell exceptional strength, with approxi-
mately 3000 times the fracture resistance of
pure calcium carbonate (Jackson et al. 1988,
Shen et al. 1997). Periodically there is a
thicker (> 35 11m) organic layer of conchiolin
deposited along the length of the shell. Stacks
of aragonite tablets form the growing edge
of the shell. Because new nacreous tablet
"seeds" are deposited in the middle of the
preceding tablet, the consecutive tablets form
pyramidal columns (Schaffer et al. 1997).
There is currently much interest in the pro-
Mineralogy of Haliotis iris . Gray and Smith
cesses that regulate the structure and growth
of this layer (e.g., Carter and Clark 1985,
Hawkes et al. 1996, Zaremba et al. 1996,
Hedegaard and Wenk 1998, Kaplan 1998,
Chateigner et al. 2000) in mollusks.
Variation in gastropod mineralogy at the
genus and species levels is well known (Brog-
gild 1930, Dauphin et al. 1989, Erasmus et al.
1994), but there is very little information
about mineralogical variation within species
or even within individuals. Although the
outer calcitic and an inner aragonite shell
layers have been well documented in abalone
(e.g., Shepherd et al. 1995a), variations in the
thickness and relative proportions of these
layers are unknown, though they may have
important implications for luster, color, and
strength of shell and pearl products. Studies
of other shell-bearing taxa have shown that
physicochemical conditions (primarily water
temperature and salinity) may influence
carbonate mineralogy and ultrastructure
(Lowenstam and Weiner 1989, Cairns and
MacIntyre 1992, Cohen and Branch 1992);
it is less clear how wave exposure, predation,
and bioerosion affect shell geochemistry
(Boulding et al. 1999).
There are approximately 100 species of
abalone worldwide (Bevelander 1988). Their
natural distribution covers most tropical and
temperate coastal marine regions around the
world, with the exceptions of South America
and eastern North America (Hahn 1989).
Three species of abalone, commonly known
by the Maori name paua (Tong and Moss
1989), are endemic to New Zealand's coastal
waters. Of these species the blackfoot aba-
lone, Haliotis iris, is the largest (7 to 18 cm at
maturity). Blackfoot abalone are generally
found in the low intertidal and subtidal zones
to 15 m water depth (Poore 1972, Wilson
1987) around most of the coastline of New
Zealand. Although they prefer low sedimen-
tation rates (Wilson 1987) and access to drift
seaweeds such as Macrocystis pyrifera upon
which they feed (Stuart and Brown 1994), the
degree of exposure in which they live varies
from sheltered to very exposed environments.
Haliotis iris has been harvested for several
hundred years as a traditional food by the
Maori people (Wilson 1987) and is the main
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species in a modern abalone fishery of 1221
tonnes, worth NZD$66 million in 2000
(New Zealand Seafood Industry Council
2000). In addition, the iridescent and colorful
inner surface has created a high demand for
abalone jewelry products (Fankboner 1991,
Broad 1996) and spurred research into both
seeding abalone pearls (Cropp and O'Sullivan
1994, Fankboner 1994, Broad 1996, Fassler
1998) and increasing development of aqua-
culture. The demand for abalone pearls is
high, with some individual pearl products
fetching NZD$3000 (Davies 1996). This is
the first detailed study of the thickness and
composition of H. iris shell from New Zea-
land.
MATERIALS AND METHODS
Shells of New Zealand blackfoot paua, Hali-
otis iris, in the normal adult size range (80-
180 mrn) were collected from three coastal
populations in southern South Island, New
Zealand (Figure 2). These subtidal popula-
tions were from Colac Bay (460 20' S, 1670
50' E), Waipapa Point (460 40' S, 1680 50' E),
and Moeraki Point (45 0 20' S, 1690 50' E),
which represent moderately exposed, highly
exposed, and highly sheltered environments,
respectively.
X-Ray Diffractometry
Five shells from each of the three populations
were dried for at least 72 hr. To remove epi-
biota without disturbing mineralized shell,
the exterior of each shell was scraped with a
plastic blade. All shells were cleaned in an ul-
trasonic bath for 1 min in distilled water
(Erasmus et al. 1994), then dried for a further
72 hr before the interior and exterior were
photographed using a camera (Nikon 801)
with a micro 55-mm lens under D65K lights
to visually record the extent of encrustation
and biodegradation.
Entrapment of nonabalone material such
as organic matter and sand in empty endo-
lithic borings is a possible source of error.
Excessive organic matter can interfere with
X-ray diffractometry (XRD) traces, causing
suppression and masking of peaks. Reduc-
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FIGURE 2. Study sites at Moeraki, Waipapa Point, and Colac Bay in southern New Zealand.
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FIGURE 3. Haliotis iris shell showing the grid used for
sectioning shells into rows (1 to 4) and columns (A to E)
before XRD analysis and the three age sections (old, mid,
and young) removed for mineral staining.
tion of organic content by soaking in sodium
hypocWorite (NaOCI) (Smith et a1. 1998,
Wright and Schwarcz 1998) causes no dis-
solution of CaC03 detectable by scanning
electron microscopy (SEM) (Gaffey and
Bronnimann 1993), but because bleaching
can damage calcified membranes and affect
crystalline structure (Carriker 1979, Mutvei
1983) we did not bleach these shells (Mutvei
1983). Sediment trapped in the shell did not
cause interference with either XRD or Feigl's
analyses. Quartz, the main constituent of lo-
cal sediment, has major XRD peaks at 4.2574
(100), 3.3446 (101), and 2.2818 (012) 028,
sufficiently far from the aragonite (111) and
(021) and calcite (104) peaks used in this
analysis to avoid interference.
A grid was drawn on the exterior of each
shell, with five segments (A to E) oriented
along the length and four (1 to 4) across the
width of the shell (Figure 3). The size of each
of the 20 segments was thus proportional to
the size of the shells. A diamond-tipped geo-
logic band saw was used to section the dry
shells. Shell thickness was measured by ex-
amining shell sections under a low-power
microscope. Each shell section was then
powdered in a grinding head (TEMA) for
approximately 45 sec. The grinding head was
cleaned with silica sand between samples to
reduce cross-sample contamination. Minimal
grinding (Moore and Reynolds 1997) was
used to increase the accuracy of quantitative
XRD analysis and reduce the possibility of
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reversion of aragonite to calcite (Davies and
Hooper 1963, Cohen and Branch 1992).
Approximately 0.5 g of well-mixed sample
powder was placed in a clean mortar with
0.1 g analytical-grade NaCl as an internal
standard and a small amount of distilled water.
The solution was mixed with a pestle until
even in texture and color, and then a portion
was smeared on a glass slide until there was·
even coverage over an area of 20 by 20 mm.
The slide was tapped gently to remove any air
bubbles and dried slowly under a lamp.
An X-ray diffractometer (Philips PW1050)
with a Cu target X-ray source scanned each
sample between 25 and 35 028. There were
50 counts per degree and the count time was
1 sec. In the range 25-35 028 there are three
main aragonite peaks, with d spacings as fol-
lows (Miller's indices in parentheses): dAI =
3.397 (111), dA2 = 3.274 (021), and dA3 =
2.702 (012). The calcite and halite peaks are
at de = 3.035 (104) and dH = 2.821 (200),
respectively.
A calibration curve for the proportions
of calcite and aragonite was developed using
shell material from two monomineralic mol-
lusks: the calcitic oyster Crassostrea glomerata
and the aragonitic cockle Astrovenus stutch-
buryi. The calibration curve was developed
following protocols similar to those used by
Davies and Hooper (1963) and Smith et a1.
(1998), particularly taking into account their
recommendation to use similar biogenic min-
erals for calibration, rather than analytical-
grade synthetic calcite and aragonite. The
best calibration curve (several different mea-
sures were tested) had a R2 of 0.99 and was:
Wt% calcite
= 80.4(PR)2 - 180.9(PR) + 101.2
where PR (peak height ratio) is the sum of
the maximum peak heights measured from
the base line for aragonite dAl and dA2 divided
by the sum of aragonite peak heights and the
peak height of calcite de. Peak height ratios
were used rather than peak intensity or other
more complicated methods (e.g., Cohen
and Branch [1992]) because diffractograms
showed sharp clear peaks indicating a well-
defined crystallinity (Balmain et a1. 1999).
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Carbonate Staining
Feigl's solution is one of a variety of min-
eral stains that is used to quickly establish the
mineralogy of an unknown sample (Sandberg
1971, Lewis and McConchie 1994). Feigl's
solution is a mixture of hydrated MnS04 and
AgZS04 in a very dilute NaOH base. The re-
agent preparation was based on the method
outlined by Lewis and McConchie (1994). A
solution of 11.8 g MnS04·7HzO in 100 ml of
deionized water was heated to boiling point,
and then 1 g ofcommercial AgzS04 was added.
After the solution was cool, 1-2 drops dilute
(10%) NaOH was added and then left to
stand for 1-2 hr. After mixing the solution,
the precipitate was filtered out by drawing the
solution through 10-llm filter paper under
vacuum and the solution stored in a dark bottle.
Five additional shells from each of the
three populations were cleaned of encrusting
biota by either scraping and/or soaking in
dilute bleach (NaOCl), taking care not to
damage or remove calcified layers. The shell
was rinsed in distilled water and shell sec-
tions were cut from the shell using a jewelry-
cutting tool at slow speed to reduce heating.
Three sections were removed from each
shell: old (adjacent to the spire), mid (halfway
along the tremata), and young (adjacent to
the intersection of the tremata and growing
edge) (Figure 3). The shell edge for staining
was etched with 4-6% HCl for 30-60 sec at
room ~emperature,or less if effervescence was
exceSSIve.
The shell edge was rinsed in distilled
water, placed in hot (70-90°C) Feigl's solu-
tion for 5 to 10 min, and rinsed again with
distilled water before inspection under a light
microscope. Aragonite was stained black, but
calcite remained colorless. The thickness and
sequence of stained and unstained layers was
determined at five sites across each stained
section. These data were transformed into
proportions to determine percentage arago-
nite of the shells.
To allow a quantitative comparison of the
staining and XRD, the shell sections that
were used for Feigl's staining were cleaned by
light abrasion to remove the stain and washed
under distilled water. The proportions of
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calcite and aragonite were assessed using
XRD following the protocols described
earlier in the section on XRD.
Statistical Analysis
None of the data was transformed before
analysis because examination of the appropri-
ate residual plots indicated that this was not
necessary. A post hoc test, Fisher's 5% least
significant difference (LSD), was used to ex-
amine which groups within a factor were
significantly different. The General Linear
Model analysis of variance (ANOVA) in
Minitab was used for analysis of shell thick-
ness data with a balanced nested design where
shells were nested in location and the inter-
action between location and age was also ex-
amined (Sokal and Rohlf 1995).
Percentage aragonite data from the min-
eral maps were analyzed using a Bonferroni
General Linear Model (GLM) producing
the very conservative Greenhouse-Geisser
test statistic. The mean square (MS) was cal-
culated from a type III sum of squares.
The statistical analysis of the data from
Feigl's staining was more straightforward
than the "mineral map" analysis developed
for the XRD data. The Minitab General
Linear Model ANOVA used a balanced
nested design where shells were nested in lo-
cation and the interaction between location
and age was examined (Sokal and Rohlf
1995). In addition, individual shells were
treated as random factors or effects (Zar 1984,
Dytham 1999).
RESULTS
Shell Characteristics
Thickness of Haliotis iris shells ranged from
1.7 nun from a Moeraki "old" section to 7.0
mm from a Colac Bay "old" section. As ex-
pected, individual shells showed a clear trend
of increasing shell thickness with age. Young
shell was thinner (2.7 ± 0.9 mm) than both
middle age and older shell (3.3 ± 0.1 and
3.7 ± 0.3 mm, respectively). These differ-
ences are highly significant (Table 1).
The least variation in shell thickness with-
in an individual shell was 0.3 nun in young,
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TABLE 1
Patterns in Shell Thickness of Haliotis his from Three Locations in Southern New Zealand
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Location Age Mean Thickness (n = 5) SE Location Mean (±SE)
Moeraki Old 3.4 0.83
Mid 3.0 1.02 3.00 ± 0.89
Young 2.6 0.76
Colac Bay Old 3.5 0.43
Mid 3.2 0.59 3.30 ± 0.85
Young 2.2 0.58
Waipapa Point Old 3.1 0.31
Mid 3.2 0.44 3.42 ± 0.69
Young 2.9 0.89
Source of variation df MS F P Significance
Location 2 310 0.34 0.721 ns
Shell (location) error 12 921 6.77 <0.001
Age 2 2,098 15.40 <0.001
Location x age interaction 4 409 3.01 0.019
Error 204 136
Note: Five specimens from each of three populations were subsampled according to age of shell (see Figure 3). Results of a two-way
ANOVA are included.
fairly thin shell (range, 1.9-2.2 mrn). The
largest range in shell thickness was 4.2 mm
(range, 2.8-7.0 mm). Overall old shell had
the greatest variation in mean shell thickness.
Variation in thickness among shells was
greatest at Colac Bay (range, 3.5 mrn). Moe-
raki shells also displayed a relatively high de-
gree of variation in average shell thickness
(2.4 mrn). Shells from Waipapa Point had the
most consistent thickness, with a range of 0.6
mrn. These differences are highly significant
(Table 1).
Mean shell thickness was surprisingly con-
sistent among the three study locations, with
the mean shell thickness in the range 3.0-3.4
mm (Table 1). Shells from Moeraki were the
thinnest (mean 3.0 ± 0.9 mm), and Waipapa
Point shells were the thickest (3.4 ± 0.7 mrn),
but these differences are not significant. It
is interesting that the interaction of location
and age is significant (Table 1), indicating
that how shell thickness changed with age
varied among the three populations.
Carbonate Mineralogy
Aragonite in H. iris shells varied from 29 to
98%. The oldest shell (sections A2 and A3,
see Figure 3) tends to have a higher percent-
age of aragonite compared with younger
shell (sections El and E2) (Table 2). Mean
aragonite content in each shell section is
illustrated graphically for each study location
(Figure 4). In the oldest shell, the mean per-
centage aragonite ranges between 69 ± 6 and
85 ± 3%. The mean percentage aragonite
decreases to between 41 ± 7 and 65 ± 5% in
young shell.
Statistical analysis of aragonite content us-
ing the conservative Greenhouse-Geisser test
statistic revealed highly significant variation
within shells, both among rows 1 to 4 (**P <
0.001) and among columns A to E (**P <
0.001) (Table 2). There was also a highly
significant difference for row-column inter-
action (**P < 0.001), indicating a cross-shell
trend in aragonite, probably age-related.
There are no significant differences in
aragonite content among the three locations.
Trends in aragonite content, however, do
differ among the populations. Separate anal-
yses of the data from each of the three loca-
tions using ANOVAs (Table 2) showed that
highly significant differences occur between
rows (**P = 0.007) and columns (***P =
0.001) for the Colac Bay shells and Waipapa
TABLE 2
Aragonite Content in Haliotis iris Shells from Three Locations in Southern New Zealand
A B C D E
Location Mean Min. Max. Mean Min. Max. Mean Min. Max. Mean Min. Max. Mean Min. Max.
Colac 1 52 ± 2.6 45 57 48 ± 4.0 38 61 51 ± 4.9 36 59 49 ± 7.7 35 78 41 ± 6.5 29 65
Bay 2 69 ± 6.1 50 83 61 ± 3.3 51 71 57 ± 3.6 47 65 58 ± 6.4 38 78 49 ± 6.3 33 65
3 76 ± 5.2 57 84 73 ± 5.0 58 85 62 ± 4.0 49 74 57 ± 5.4 40 70 49 ± 6.5 33 66 Overall mean
= 58.6 ± 3.16
4 72 ± 4.4 59 84 73 ± 4.2 59 85 60 ± 3.7 50 71 53 ± 4.6 45 69 49 ± 5.3 34 62 Mean range
= 27.3
Moeraki 1 66 ± 1.0 65 70 65 ± 3.2 59 77 67 ± 6.7 48 84 66 ± 4.6 52 80 62 ± 3.5 54 72
2 82 ± 1.5 79 86 64 ± 3.6 56 75 62 ± 3.8 47 68 62 ± 2.2 59 71 65 ± 5.4 53 79
3 82 ± 4.9 66 90 66 ± 7.1 36 77 67 ± 3.1 60 76 64 ± 3.3 54 72 69 ± 5.0 60 88 Overall mean
= 70.0 ± 2.53
4 80 ± 5.1 67 90 82 ± 2.6 75 89 71 ± 5.6 52 85 74 ± 1.8 71 81 80 ± 4.4 65 92 Mean range
= 20.9
Waipapa 1 58 ± 9.5 45 92 52 ± 10.4 44 97 53 ± 10.2 44 93 51 ± 9.7 40 95 42 ± 11.7 38 97
Point 2 80 ± 4.8 70 95 71 ± 6.9 49 89 63 ± 8.6 46 95 64 ± 8.2 56 93 49 ± 10.3 40 93
3 85 ± 3.1 75 92 73 ± 4.3 63 90 64 ± 8.4 46 95 66 ± 9.7 54 97 53 ± 10.0 39 95 Overall mean
= 69.0 ± 4.15
4 74 ± 4.7 64 92 75 ± 4.3 70 95 68 ± 6.4 59 94 55 ± 8.6 52 98 58 ± 8.5 52 97 Mean range
=41.9
--
Colac Bay Moeraki Waipapa Point
df MS F P Sig. df MS F P Sig. df MS F P Sig.
Row 2.04 2,515.2 9.75 0.007 ** 1.56 1,090.5 2.73 0.144 ns 1.80 1,804.4 5.05 0.045
Error (Row) 8.15 257.8 6.23 398.3 7.20 357.0
Column 1.95 1,765.2 18.52 0.001 ** 1.77 1,253.4 9.05 0.012 * 1.28 2,219.5 9.49 0.024
Error (Column) 7.80 95.3 7.08 138.4 5.12 233.7
Row x Column 2.36 522.7 2.33 0.146 ns 3.36 476.9 2.22 0.129 ns 2.50 285.3 1.31 0.320 ns
Error (Row x Col) 9.45 88.4 13.42 215.0 9.99 217.9
Note: Five specimens from each location were divided into 20 segments (AI to £4), with the mean aragonite content given (±S£). The shells are oriented with the umbo in A2-A3, and the
growing edge intersects with the tremata in £3-£4 (see Figure 3). ANaVA results on untransformed data are included.
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Shell Characteristics
Feigl's staining confirms that Haliotis iris,
like many abalone, possesses an outer calcitic
layer and an inner aragonitic one. There is
no evidence of inversion of layers (e.g., a cal-
cite layer surrounded by two aragonite ones,
which is reported for some abalone species
[Shepherd et al. 1995a, Zaremba et al. 1996]).
A detailed description of ultrastructure in H.
iris will appear in a future paper (in prep.).
Total shell thickness was consistently
about 3.0 to 3.5 mm (Table 1), with standard
error around 0.3 mm. There was individual
variation regardless of growing environment,
which is not surprising because even in an
(Figure 5, Table 3). For example, calcite layer
thickness in shells from Waipapa Point
ranged from a mean of 0.2 mm in old shell to
a mean of 1.5 mm in young shell. Shells from
Moeraki did not, however, show this trend in
calcitic layer thickness with age: shell was
close to 1.2 mm thick regardless of age. It is
interesting to note that the aragonite layer, in
contrast to calcite, increases in thickness with
mcreasmg age.
Feigl's staining has not been commonly
used for quantitative assessment of miner-
alogy. It is, however, possible to determine
calcite: aragonite ratio using mineral staining,
though it gives the data at a single point and
is subject to some interpretation. We chose to
rely on XRD mineralogical analysis, but it is
interesting to note that the overall trend in
the staining data confirmed the trends in the
XRD data. For both Colac Bay and Waipapa
Point populations, the slopes of the regres-
sions are very close to 1 (Figure 6), with R2
values greater than 0.8 indicating a good fit.
The Moeraki population regression shows
a slope of 0.79, demonstrating the poorer
correlation between methods, perhaps due
to inclusion of encrusting calcified algae in
the abalone shell calcite layer. Although the
slopes of these regressions are close to 1, the
y-intercept for all three regressions is nega-
tive, indicating that staining consistently un-
dermeasures aragonite content.
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FIGURE 4. Aragonite content (wt% aragonite) in 20 sec-
tions of Haliotis iris from three locations in New Zealand.
The mean for each section is derived from five specimens
collected at each location. The shells are oriented with
the umbo in A2-A3, and the growing edge intersects
with the tremata in E3-E4 (see Figure 3).
Point shells (*Prows = 0.045) and (*Pcolumns =
0.024). Less variation among shells from
Moeraki is evident, with only the columns
being significantly different (*P = 0.012).
There are no significant interactions between
rows and columns within any of the locations.
The mean percentage of aragonite for
Colac Bay shells was 58 ± 3% (Table 2).
Aragonite content was higher for shells from
both Moeraki (70 ± 3%) and Waipapa Point
(69 ± 4%). The difference in the range of
aragonite content is striking. Colac Bay and
Moeraki shells had a range of 27 and 21 %,
respectively, whereas the range for the shells
from Waipapa Point was much higher (42%).
These results show that there is both in-
tershell and intrashell variation in aragonite
content in H. iris from southern New Zea-
land. There is also some interpopulation
difference in the distribution and range of
aragonite content at three different locations.
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Carbonate Staining
The thickness of the outer calcitic layer, as
determined by staining, varied within indi-
viduals, among individuals of a population,
and among populations. In both the Colac
Bay and Waipapa Point populations, thick-
ness of the calcitic layer within a shell
decreased significantly with increasing age
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FIGURE 5. Thickness of calcite and aragonite layers in Haliotis iris shell stained with Feigl's mineral stain (mean shell thickness ± SE, n = 5).
TABLE 3
Three One-Way ANaVA Tests of Shell Segment Age (Old, Mid, Young) versus Thickness of Outer Calcitic Shell
Layers for Haliotis iris (See Figure 5) in Southern New Zealand
Location df MS F P Significance
Colac Bay 2 75.83 20.01 <0.001
Error 9 3.79
Moeraki 2 57.60 57.60 2.32 ns
Error 9 24.90
Waipapa Point 2 235.00 21.11 <0.001
Error 9 11.1
20 -j----------------------j
0+-----,-----,------.------,------1
100....------------------.....-A..
......
""./{A
80 +----------------.,P-"".-----,--------j
.y' ·A
.fA
/.~
.... ~ -
60 -t-----------------.:----.--/y.:..."/-.-.--:--=--------1
• -/' ._~-- • Colac
.,'i _..
IA • /. -' M k'
It. _-/~ ._-- • • oera I
/ .-.
.... IA/ A Waipapa40 +- c=.. "'-'------I-I--------!
~co
-Cl
l:
l:
'iii
-
II)
E
CIl
.5
E
>.
.0
,,-
CIl II)
l: II)
._ CIl
E l:
... tiCIl._
-.c:~-
II)
Cll
-l:2
l:
o
u
2
'2
o
Cl
~
« o 20
•
--
40
•
60
•
80 100
Aragonite content as determined by XRD (wt %)
FIGURE 6. Comparison of aragonite content in Haliotis iris shell from three locations as measured using XRD and
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environmentally controlled hatchery or land-
based abalone farm the same cohort may
demonstrate a wide range of growth char-
acteristics, with some individuals increasing
shell length at three times the rate of others
(Gray 1998). For wild abalone, the range in
shell thicknesses has a number of possible
explanations: different ages of the animals,
differing microhabitats within a population,
and different genetic growth characteristics.
It is not surprising that shell thickness in-
creased with age. Rate of shell growth may be
influenced by physical, chemical, or biological
factors, which may include breakage and
abrasion, dissolution and metabolic calcifica-
tion rate, encrustation, and bioerosion. In
addition, there may be interactions of effects
such as protection of the shell from physical
abrasion by encrusters. Shell abrasion is sim-
ilar to erosion (sensu Day et al. 2000), en-
compassing the effects of wave action and
sand scour. Seawater with unusually low
alkalinity, low pH, and/or low salinity may
affect not only shell dissolution but also
the ability of abalone to form new shell. In-
organic calcification is seldom seen in temper-
ate waters but may be important in warmer
water environments. The effect of abrasion
on the thickness of haliotid shells has been
noted but not quantified elsewhere (Shepherd
et al. 1995a). Once the outer organic perios-
tracum has been eroded or breached by shell
borers, dissolution of the shell by ambient
seawater is possible (Harper 1997).
The exterior surface ofH. iris shell differed
among the three study locations. Shells from
Waipapa Point were virtually devoid of any
encrusting flora or fauna, supporting only a
few filamentous chlorophytes and a few tube
worms and/or barnacles. The outer calcitic
layer on many shells was extensively bored,
up to 25 burrows per square centimeter, es-
pecially around the umbo, sometimes to such
an extent that the calcitic layer was eroded
and the nacreous aragonitic layer was visible.
Shells from Colac Bay were similarly bored
but supported 5 to 10 encrusting inverte-
brates: barnacles, tube worms, chitons, and
limpets. In contrast, shells from Moeraki
supported thick encrustation, often by more
than 10 organisms, including calcified algae
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up to 30 mm thick, other Chlorophyta
and Rhodophyta, bryozoans, tube worms,
limpets, and barnacles. Boring in the calcitic
layer was extensive, much as in the Waipapa
Point shells. Shells from all locations ex-
hibited a great deal more shell boring in the
outer calcitic layer than in the inner nacreous
layers.
Calcified algal encrusters may have influ-
enced measured abalone shell thickness, es-
pecially in the Moeraki site. Although as
many epibiota as possible were removed, algal
calcite is very similar to abalone shell in
physical appearance and it was difficult to as-
sess where they intersected. It may be that
algal calcite affected calculation of both the
total shell thickness and percentage aragonite.
It is not surprising that variation within a
shell increases with increasing age. Within a
population, there are various microhabitats
available, resulting in different rates of shell
erosion and abrasion. The older the shell, the
more time the shell will have been exposed to
a variety of environmental factors influencing
shell thickness.
Carbonate Mineralogy
Proportions of aragonite and calcite vary
widely within most shells, with older carbo-
nate having higher aragonite content than
younger material. In addition, aragonite con-
tent increases across the shell away from the
umbo, especially past the tremata, in part be-
cause of the shape of the shell. In abalone the
shell profile is not a symmetrical arc; the shell
thickness behind the tremata declines sharply
toward the edge. The effect of a force per-
pendicular to the surface upon which the
abalone is attached therefore has less abrasion
effect per unit area of the sharply sloping
shell, resulting in less shell wear and calcite
removal. In addition, there is a distinct lip in
the aragonite profile on the shell exterior.
The lip is often smoothed over by a thick
layer of calcite.
Overall aragonite content differed signifi-
cantly among the three populations. Exami-
nation of the thickness of the shell layers
from the Feigl's staining revealed (Figure 5)
that, for all three populations, the "young"
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thickness of aragonite was very similar, in the
range 1.10-1.30 Illill. In middle-aged shell,
Moeraki shells did not show increased thick-
ness of aragonite. However, the shells from
Colac Bay and Waipapa had increases in the
thickness of the aragonite to 2.30-2.50 mm.
The "old" shell from Moeraki had the thin-
nest aragonite layer for that age class. In ad-
dition, the calcitic outer layer was thinner
than the "mid"-aged shell. In "old" shell
sections, Colac Bay and Waipapa shells were
very similar in aragonite thickness, approxi-
mately 2.90-3.10 mm. It is thus the thickness
of the outer calcite layer that caused the dif-
ference in proportion of aragonite and calcite
between the populations. The environment
probably controls much of the variation in
mineralogic proportions. Perhaps abalone
systematically accrete more calcite with in-
creasing age, thus showing a decreasing pro-
portion of aragonite.
It is interesting that the calcite layer in
Waipapa "young" shell was the thickest of
the three populations. Is it possible that as an
adaptation to living in an exposed coastal area
the abalone from Waipapa Point accrete a
thicker layer of sacrificial calcite?
It is interesting to note the cost to the
animal of producing and possessing a shell.
There are at least three main costs of pos-
sessing a shell (Palmer 1992): energy for
production of shell including the organic
matrix, energy for transportation, and size
limitation. In marine mollusks the costs of
producing organic matrix alone can consume
10-60% of the energy spent on somatic
growth and 0.15 to 1.5 times that of produc-
ing gametes (Palmer 1992).
Aragonite, due to its mechanical design, is
considerably more resistant to crushing and
boring by predators (Jackson et al. 1988)
when compared with calcite. Aragonite is also
more resistant to erosion. For example, the
calcitic shell of Patella granatina has a higher
rate of destruction than the aragonite-rich
shell of P. argenvillei (Day et al. 2000). Why
not manufacture the entire shell out of
aragonite? One reason is the relatively high
cost of production. Palmer (1992) found that
a shell with only 1.5% organic material costs
22 % of the total energy of shell produc-
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tion. In a shell with 5% organic material, this
cost rises to 50% of total construction costs.
Aragonite requires more organic material
in construction, whereas calcite is compara-
tively thermodynamically stable and cheaper
to construct but provides less structural
strength. Second, calcite is 35% more resis-
tant to shell dissolution in cold water (Taylor
1986). It is likely that the outer calcitic layer
is accreted as a sacrificial means of protect-
ing the stronger, more valuable inner arago-
nite. Mollusks can compensate to some extent
for shell erosion by continuing to grow and
thicken their shells (Day et al. 2000).
Mineralogical Variability
All populations of H. iris displayed a sub-
stantial amount of variation, perhaps due to
growth pattern and age-related depositional
history of the shell. In general younger shell
shows a high degree of variation in aragonite
content, perhaps due to the effect of erosion
and other forms of shell damage such as shell
borers (Shepherd et al. 1995b, Day et al.
2000). Young shell may be accreted at a sim-
ilar rate among populations (Wells et al.
1998), but environmental factors erode the
outer calcitic layer disproportionately, leaving
older shell with a high aragonite content but
lower variation.
The three populations showed significant
and differing amounts of variation in arago-
nite content among shells (Table 2). In Colac
Bay, older shell had a lower standard error
relative to younger shell. Compared with the
variation in the shell from Waipapa Point,
however, the change in variation between
young and old shell was small. Shells from
Moeraki showed no clear trends in mineral-
ogy or range. The largest amount of varia-
tion was around the umbo, where standard
error was ±7.1 (Table 2). Some of this varia-
tion can be attributed to the effect of un-
removed calcified algae. Waipapa shells had a
low amount of variation in the older shell but
a much higher amount of variation overall
compared with the other populations, espe-
cially in younger shell (Table 2). A large
proportion of the variation can be attributed
to a single sample that had aragonite content
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considerably greater than the population
average.
The high level of variability among speci-
mens (and within them to a lesser extent)
should be of concern when biogeochemical
sampling is undertaken. High natural varia-
tion in mineralogy within and among abalone
shells, and probably other bimineral mollusks,
requires extensive subsampling and replica-
tion when assessing mineralogy. Many au-
thors have reported mineralogy of a species
based on a single measurement, sometimes of
a single shell. This method may be satisfac-
tory for a monomineralic, highly consistent
species, but for a more complex species such
as the highly variable bimineralic abalone H.
iris far more samples must be taken to ade-
quately characterize its mineralogy. Exami-
nation of the data from Figure 4 suggests that
taking three or four shell sections represent-
ing different shell ages will yield almost as
much information as the 4 by 5 grid used in
this experiment.
We therefore suggest that a series of at
least three shell sections, representing old,
middle-aged, and young shell must be taken
and analyzed to have any understanding of
the true mineralogy of abalone shells. A
single shell estimate, even from a very large
number of shells, is unlikely to provide much
information about mineralogy, especially if
samples were taken from the same area of
shell.
Effects ofthe Environment
The environments in which the shells formed
are substantially different in terms of wave
exposure. Waipapa Point is exposed to direct
wave action, but the degree of wave action at
Colac Bay is moderate in comparison. The
population at Moeraki was fully sheltered,
which not only had the effect of reducing the
amount of "shell wear" but also provided an
environment suitable for a wide variety of
boring and encrusting organisms. The thick
white algal layer found on shells (probably
Mesophyllum printzianum) was analyzed using
XRD and found to be calcitic. This species is
prevalent in shallow reef habitats with a thick
canopy of the macroalga Macroeystis pyrifera,
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which is a typical habitat at Moeraki (Naylor
and McShane 1997). A second thinner coral-
line alga, Spongites yendoi, is more common in
shallow, wave-exposed habitats that are typi-
cal of Waipapa Point and Colac Bay (Naylor
and McShane 1997). Both layers reduce
abrasion due to wave action; increasing cal-
citic layer thickness with decreasing wave ex-
posure is the natural result.
Wave exposure appears to have little effect
on the thickness of shells. Wells et al. (1998)
found a similar lack of effect on predom-
inantly soft body characteristics in H. iris,
noting that there is little evidence for envi-
ronmentally induced changes in condition
indices relating to shell and soft body pro-
portions. Only muscles in animals from wave-
exposed sites had a higher ability to work
under anaerobic conditions, presumably dur-
ing heavy wave action.
Seawater temperature at all three sites is
similar, as is seasonal temperature range. The
documented effects of seawater temperature
on deposition of calcite and aragonite, with
warmer water favoring aragonite production
(Cohen and Branch 1992), thus had little ef-
fect in this study. In many mollusks, factors
other than temperature may influence min-
eralogy, especially chemical or physical char-
acteristics of the organic matrix, which are
different for calcite and aragonite (Albeck
et al. 1996, Falini et al. 1996), production of
microgrowth patterns (Cerrato 2000), as well
as the concentration of inorganic ions in-
cluding Mg, Sr, and P04 in seawater, salinity,
and phylogenetic history (Cohen and Branch
1992).
Detailed data regarding seawater chemis-
try such as pH, salinity, and elemental com-
position were not available for the southern
New Zealand sites. However, all three sites
were similar in adjoining land usage, were not
immediately adjacent to large rivers or other
freshwater sources, and are strongly influ-
enced by the Southland Current, and there-
fore should be similar in seawater chemistry.
Shell boring occurs in many calcareous
substrates such as mollusk shells, corals, and
coralline algae (Sato-Okoshi and Okoshi
1996). Visual and SEM observations indicate
that the shell-boring infestations in abalone
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are greater in the calcitic layers than in the
aragonitic layers. This preference may create
a bias in shell mineralogy toward a higher
percentage of aragonite due to the removal of
calcitic material.
The effect of a high degree of wave expo-
sure on shell thickness in many gastropods is
not as important as the effect of predators
(Boulding et al. 1999). Therefore, in general,
shells from sheltered shores, where predators
such as crabs, lobsters, and some predatory
fish live, are thicker and larger than shells
from exposed locations (Boulding et al. 1999).
However, as studies on littorinids show, the
effect of wave action alone can differ greatly
among closely related species. Fletcher (1995)
demonstrated that the sympatric species
Littorina obtusata and 1. mariae had differing
morphological responses to wave action. Shell
strength decreased with increasing wave ac-
tion in 1. obtusata but increased in 1. mariae.
There have been relatively few studies on
the effects of predation on H. iris. The main
predators of the abalone are the starfish As-
trustole scabra and Coscinasterias calamaria
(McShane and Naylor 1997). Coscinasterias
calamaria feeds predominately on the mussel
Mytilus edulis (Day et al. 1995), but when
there is a shortage of preferred food C. cala-
maria will feed on smaller abalone rather than
on large ones (Day et al. 1995). The octo-
puses Octopus maorum and Robsonella australis
may also prey upon abalone in low num-
bers in their usual habitat characterized by
shallow, rocky pools (Gunson 1983). The ha-
liotids have at least three responses to preda-
tors. The most obvious is the thick shell, but
they also possess various escape behaviors and
may even concentrate toxic chemicals in the
mantle epithelium (Day et al. 1995). In addi-
tion, species of elasmobranchs and other spe-
cies of fish that are important predators to
other species of abalone are unimportant to
H. iris (Schiel 1992). Abalone are reported
to have a very low natural mortality (M < 0.1
per year) (McShane and Naylor 1997). In
modern times, the major predator of H. iris,
as with most abalone worldwide, is Homo sa-
piens. The damage caused by people is two-
fold: removal of adult breeding animals and
the return of undersized animals that may be
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either cut or not placed on a suitable substrate
(Pirker 1992). In some instances, storm and
other wave exposure-related events are a ma-
jor source of abalone mortality (McShane and
Naylor 1997).
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